minor nutrient compared to starch and protein, they may have both nutritional and 23 functional significance. We have systemically reviewed the literature on the class, 24 distribution and variation of PLs in rice, their relation to rice end-use quality and human 25 health, as well as available methods for analytical profiling. Phosphatidylcholine (PC), 26 phosphatidylethanolamine (PE), phosphatidylinositol (PI) and their lyso forms are the 27 major PLs in rice. The deterioration of PC in rice bran during storage was considered as a 28 trigger for the degradation of rice lipids with associated rancid flavour in paddy and 29 brown rice. The lyso forms in rice endosperm represent the major starch lipid, and may 30 form inclusion complexes with amylose, affecting the physicochemical properties and 31 digestibility of starch, and hence the cooking and eating quality of rice. Dietary PLs have 32 a positive impact on several human diseases and reduce the side-effects of some drugs. 33
As rice has long been consumed as a staple food in many Asian countries, rice PLs may 34 have significant health benefits for those populations. Rice PLs may be influenced both 35 by genetic (G) and environmental (E) factors, and resolving G x E interactions may allow 36 future exploitation of PL composition and content, thus boosting rice eating quality and 37 health benefits for consumers. We have identified and summarised the different methods 38 used for rice PL analysis, and discussed the consequences of variation in reported PL 39 values due to inconsistencies between methods. This review enhances the understanding 40 of the nature and importance of PLs in rice and outlines potential approaches for 41 manipulating PLs to improve the quality of rice grain and other cereals. 42 human diseases and conditions, such as coronary heart disease, cancer or inflammation 66 (Kullenberg, Taylor, Schneider & Massing, 2012) . Since rice is the single most important 67 staple food in the world, it is likely to represent a significant source of dietary PLs for a 68 large proportion of the world's human population. Although there have been a large 69 number of isolated reports describing the nature and importance of these compounds, 70 much of the information, such as the amount and distribution of PLs in different rice 71 varieties, their effects on rice storage and eating quality, and implications for human 72 health, is dispersed, with little consensus. 73 Natural PLs can be classified into two major categories, glycerophospholipids (GPLs, 74 e.g. phosphatidylcholine or lecithin in egg yolk) (Table 1 ) and sphingophospholipids 75 (SPLs, e.g. sphingomyelin, in brain and neural tissue). To date, only GPLs have been 76 identified in rice grain. GPLs consist of fatty acids (FAs) esterified to a glycerol 77 backbone, a phosphate group and a hydrophilic residue (such as the amino acid choline). 78
PLs are a major component of lipids in the oil rich rice embryo (includes scutellum, 79 plumule, radicle, epiblast) and bran (includes pericarp, seed coat, nucellus, aleurone layer) 80 ( Fig. 1) (Yoshida, Tanigawa, Yoshida, Kuriyama, Tomiyama & Mizushina, 2011b) . 81 Lysophospholipids (LPLs) are an important subcategory of GPLs with a free alcohol in 82 the sn-2 position, and are the major (~50%) starch lipids in the rice endosperm 83 (Choudhury & Juliano, 1980a) . The PLs in rice bran and endosperm make a significant 84 contribution to the quality of rice, affecting properties such as the rancidity of paddy or 85 brown rice (Aibara, Ismail, Yamashita, Ohta, Sekiyama & Morita, 1986 ) and the 86 physicochemical properties of starch (Pérez & Bertoft, 2010) , each of which requires 87 careful evaluation. 88
Previously, different extraction and analytical methods have been employed for the 89 analysis of PLs in rice and other cereals, which can result in significant apparent variation 90 for similar samples. We have also experienced unexpected incomplete extraction when 91 extracting cereal lipids in our recent research (Liu, 2009) than other cereals such as wheat and maize, it provides an excellent research model to 99 explore and attribute genetic and environmental contributions to PL variation. Our 100 objective in preparing this review was to enhance the understanding of the variation and 101 distribution of PLs in rice and their contribution to rice quality and human health, and so 102 provide a context for prioritising future research directions for crop improvement and 103 utilisation of rice and other cereals. 104
Phospholipids in rice grain 105
Rice lipids are classified according to their chemical structure into acylglycerols, free 106 fatty acids, wax esters (such as policosanols), PLs, glycolipids and unsaponifiables (such 107 as -oryzanols, tocopherols/ tocotrienols and squalene) (Moazzami et al., 2011) . Lipids 108 are primarily concentrated in the rice bran (19.4-25.5%) and germ (34.1-36.5%) fractions 109 rather than in the milled rice which is around 0.8% of the endosperm fraction (Table 2 ) 110 (Juliano, 1983 Mizushina, 2011a). Among them, PI, PG, DPG, NAPE, NALPE are considered to be the 127 acidic glycerophospholipids (Choi et al., 2005) . 128
Generally, PC, PE and PI are the principal PLs in the oil rich rice bran and germ and 129 constitute ~80% of total PLs (Yoshida et al., 2011b) . Besides the PLs within the cell 130 membranes, it is believed that PLs also form a single layer membrane bounding the 131 spherosomes or subcellular lipid bodies, which are mainly composed of TAGs (Fig. 1)  132 (~98.6%) (Huang, 1996) . Spherosomes are prominent within the cells of oil storage 133 tissues such as the aleurone layer (Bechtel & Pomeranz, 1977; Bechtel & Pomeranz, 134 1978a ). PLs are also important components of organelle membranes such as the 135 mitochondrial and endoplasmic reticulum (He, Wang, Li & Liu, 2007) . However, to the 136 best of our knowledge, there has been no targeted research on these PLs within rice grain. 137
It is important to note that the lipids in the endosperm are present in different forms 138 compared to those in the bran and germ. Based on their relative association with starch 139 (stabilised with van der Vaals contacts), rice lipids are often classified as starch and non-140 starch lipids (Morrison, 1995) . Non-starch lipids such as TAGs are primarily located in 141 the lipid bodies of rice bran (aleurone layer) and germ (embryo) fractions, while starch 142 lipids are associated with starch granules in the rice endosperm (Fig. 1) . Apart from free 143 fatty acids, the major starch lipids are LPC and LPE, which account for about 50% of the 144 starch lipid in non-waxy rice (Table 2) (Juliano, 1985) . 145
With the exception of the sub-aleurone layer, no distinct lipid bodies have been found 146 in the starchy endosperm (Bechtel & Pomeranz, 1978b) . Lipids in the endosperm are 147 composed of (a) non-starch lipid, present outside of starch granules, and (b) internal 148 starch lipid (as ‗true' starch lipid), forming inclusion complexes with amylose in starch 149 granules ( Fig. 1) (Moazzami et al., 2011; Morrison, 1981; Tester, Karkalas & Qi, 2004) . 150
Compared to other cereals such as maize and triticale, rice has small starch granules. 151
Recent research has also shown that in the former, non-starch PLs may also be found in 152 the channels within the starch granules (Naguleswaran, Li, Vasanthan & Bressler, 2011 (Maniñgat & Juliano, 1980 Kinney (1993) (Fig. 3) . 189
Rice PLs may be synthesised via two pathways: (a) cytidine diphosphate (CDP)-190 diacyglycerol and (b) 1,2-diacylglycerol (DAG) pathways (Fig. 3) (Kinney, 1993) . During rice grain development, the level of total non-starch PLs plateaus (about 213 5mg/100grains) at 8 days after flowering (DAF) (Choudhury & Juliano, 1980b) , which is 214 likely due to the early synthesis of membrane lipids. Interestingly, the content of non-215 starch LPE and LPC increases up to 8 DAF, but subsequently decreases to the point that 216 non-starch LPC is not detected beyond 16 DAF. In contrast, within the mature rice grain, 217 the major internal starch lipids, LPLs (29 g/grain), are significantly more abundant than 218 their non-starch counterparts (4 g/grain) (Choudhury et al., 1980b) . This indicates that 219
LPLs might be transferred from the amyloplast membrane (non-starch lipids) to the sites 220 of starch synthesis, and so become starch lipids (Morrison, 1988) . It has also been 221 suggested that LPLs may form inclusion complexes with amylose which protect amylose 222 from branching, perhaps by inhibiting branching enzymes, or breakdown, but not prevent 223 its elongation (Morrison, 1988; Vieweg & Fekete, 1976 Within a recent report evaluating the unintended effects of transgenic rice containing 262 an insect resistant gene, the growing environment was found to have a greater effects than 263 genetic variation on levels of rice PLs such as LPC, LPE and lysophosphatidylglycerol 264 (Chang et al., 2012) . This effect had not been detected in previous studies, and it was 265 suggested that the difference may be caused by abiotic or biotic stresses present within 266 the different trials. However, as a non-targeted metabolomic approach was employed to 267 evaluate the unintended effect, the rice samples had not been prepared specially for PLs 268 analysis (detailed in Section 4). Therefore, the observed variation, which, based on the 269 extraction method, is likely to have been in non-starch LPLs, may have been caused by 270 partial hydrolysis of diacylglycerolphospholipids catalysed by the native phospholipases 271 in rice. A more concerted and targeted research effort is required to establish whether 272 growing environment has a significant influence on rice PL content. 273
Phospholipids and rice quality 274
The quality of rice is determined by its suitability for specific end uses, and evaluation 275 is based on a combination of subjective (consumer) and objective (quality testing) factors. PLs as a factor in rice quality has been overlooked due to the emphasis on conventional 280 factors such as starch composition. In this section we systematically discuss the 281 relationship between degradation of PLs in the bran and rice storage stability, as well as 282 the relationship between starch LPLs and starch physiochemical properties and 283 digestibility that affect cooking and eating. 284
Phospholipids and rice storage 285
Following long term storage, paddy rice can develop an unacceptable stale flavour or 286 smell, caused by the oxidation and decomposition of free unsaturated fatty acids, 287 primarily oleic and linoleic, in the rice bran. These free fatty acids are released from 288 TAGs, which are originally confined to the spherosomes, but ooze out due to the 289 alteration of the spherosome (PL) membrane (Fig. 1) . The major component of this 290 membrane, phosphatidylcholine, may degrade to phosphatidic acid, catalysed by 291 phospholipase D. This deterioration of the PL membrane is considered to be a trigger for 292 the degradation of rice lipids and associated rancid flavour (Aibara et al., 1986) . 293
Freshly harvested rice grains are usually dried to reduce water content to <15% in 294 order to suppress respiration, mould growth, and the multiplication of microorganisms. The PL membrane may also be physically damaged during dehusking and milling. 304
When paddy rice is dehusked to brown rice and further milled to white rice, the 305 individual cells and spherosomes in the bran and germ are disrupted. TAGs leak from the 306 damaged spherosomes, and come into contact with previously dormant but highly 307 reactive lipases in the aleurone and germ tissues, significantly limiting the shelf life of 308 nutritionally valuable rice bran and brown rice ( rice, under-milled rice has some residue of the bran layer and better nutritional quality. 313
However, also due to the additional residual and exposed bran lipid on the kernel surface, 314 under-milled rice has very poor storage stability (Piggott, Morrison & Clyne, 1991) . 315 Storage at low temperature (e.g. Compared to non-starch PLs, internal starch LPLs are unlikely to be hydrolysed or 332 oxidised during rice storage (Zhang et al., 1998) . This resistance to degradation may be 333 due to the protective structure of the amylose-lipid complex (Fig. 2) . The specific effects 334 of internal starch LPLs on rice storage should be investigated further in order to 335 understand better what is required to maintain rice quality during storage. However, compared to free amylose, the digestion and adsorption of the complexed 379 amylose would be slower in vivo (Holm et al., 1983) . Rice amylose complexed with LPL 380 also has strong in vitro resistance to the action of glucoamylase, which converts starch 381 completely to glucose (Kitahara, Suganuma & Nagahama, 1996; Kitahara, Tanaka, 382
Suganuma & Nagahama, 1997). The adsorption of glucoamylase on the amylose 383 complexed with LPL is very low (Kitahara et al., 1996) . Since it appears that enzyme 384 resistance of the amylose-lipid complex could be utilised to manipulate the GI for a range 385 of rice food products ( addition of antioxidants such as BHT (Christie, 1985) . 448
Since rice starch LPLs are protected by the impermeable starch granules and form 449 inclusion complexes with amylose ( Fig. 1 and 2 
Column chromatography, TLC and GC analysis of PLs 472
The classical method of rice PL analysis involves separating and identifying PLs 473 using a silica column or TLC (silica), followed by analysis of the fatty acid composition 474 using GC (Fig. 4) and lack accuracy and sensitivity. These classic techniques such as multi-dimensional 478 development for TLC (Fig. 4) Currently, silica TLC is still widely used to separate and analyse rice PLs (Fig. 4) (Fig. 4) . All the major PL species in Table  499 1 are able to be visualised through two dimensional TLC (Fig. 4) (Aibara et al., 1986 ; 500 Fujino, 1978) . 501
Following separation by column chromatograph or TLC, the composition of fatty 502 acids in PLs is normally analysed using a standard -free fatty acid methyl ester (FAME)‖ 503 method by GC. For example, PLs may be scraped from the TLC plate into a test tube and 504 heated for 20min at 80 o C in BF 3 /methanol to produce the FAME for GC analysis 505 PLs in rice can significantly shorten the pre-cleaning steps and avoid the derivatisation 521 procedures required by GC or GC-MS analysis (Fig. 4) . 522
In the 1980s, due to the limited development of HPLC stationary phase, a silica gel 523 column (normal phase) was often used for the separation of PLs ( PLs on silica gel columns. These include (1) gradients of hexane-isopropanol-water 527 (Demandre et al., 1985) , (2) isocratic elution with acetonitrile-methanol-sulphuric acid 528 (Christie, 1985) and (3) and so more in vivo human study is needed (Kullenberg et al., 2012) . 560
Although rice bran and brown rice are considered nutritious and healthy foods 561 (Lamberts et al., 2007) , the contribution of rice PLs to this enhanced quality has not been 562 highlighted or investigated, which may be partially due to the lower concentration of PLs 563 in rice (about 0.3% in brown or white rice) (Juliano, 1985) compared with other rich 564 sources (e.g. 10% egg yolk) (Palacios et al., 2005) . However, as rice is a staple food 565 (208-578g/day) in many Asian countries (Abdullah, Ito & Adhana, 2006) , the 566 contribution of PLs from consuming rice could reach up to 1.8 g/day in these populations, 567
representing a significant contribution to their normal dietary intake of PLs (2-8 g per 568 day) (Cohn, Wat, Kamili & Tandy, 2008) . The PLs represent 10% (in the bran) to 50% 569 (in non-waxy white rice) of total lipids in rice, higher than PLs in the total daily fat intake 570
(1-10%) (Cohn et al., 2008) . Thus, rice could be considered a more accessible food 571 source for dietary PLs. Rice non-starch PLs may also be concentrated and purified as a 572 nutraceutical product arising as a side-product of the degumming process for rice bran oil, 573
and so could add value to the large quantity of rice bran produced each year (Ghosh, 574 2007) . 575
To date, most rice is still consumed in its -whole milled rice‖ form, as white rice. A 576 recent study indicates that higher consumption of white rice is associated with a 577 significantly increased risk of Type 2 diabetes, especially in Chinese and Japanese 578 populations (Hu, Pan, Malik & Sun, 2012) . The combination of the type of rice and 579 processing and cooking methods may affect the starch structure and chemistry of the 580 cooked rice, resulting in variation of rice GI and thus the risk of Type 2 diabetes. Rice 581 starch LPLs may play an important yet unknown role in this system. 582
Although the amylose-LPL complex in rice may have little or no effect on the 583 bioavailability of both starch and LPLs in the human gastrointestinal tract (Chung, Liu, 584 Wang, Yin & Li, 2010) , it may slow their rate of digestion and adsorption (Holm et al., 585 1983) . Starch (e.g. amylose) alone is hydrolysed by the enzymes, such as salivary -586 amylase, pancreatic amylase and brush border glucoamylase of the intestine, into glucose 587 and absorbed in the small intestine (Singh et al., 2010) . LPLs alone are solubilised by bile 588 salts and directly absorbed in the small intestine (Goodman, 2010) . The consumption of 589 high amylose rice reduces the intensity of serum glucose and insulin responses (Goddard 590 et al., 1984) . Goddard et al. (1984) speculated that the reduction could be caused by 591 differential enzymatic hydrolysis of amylose and amylopectin, and the presence of starch-592 lipid complexes in the amylose-containing rice. This delay of digestion and/or absorption 593 of carbohydrate may be explained by reduced susceptibility of amylose-lipid complexes 594 to hydrolysis by the digestive enzymes (as discussed in Section 3.3) (Kitahara et al., 595 1996) . Consumption of the natural starch-LPL complex in rice may be more beneficial to 596 diabetics than simply coingestion of more fat with carbohydrate because the latter only 597 reduces the serum glucose response but not the serum insulin response (Collier & O'Dea, 598 1983) . 599
Relatively -sticky‖ rice, with lower amylose content, is more preferable in China and 600 Japan than in South Asian Countries, such as India (Champagne et al., 2010) . Significant 601 research effort has been dedicated to developing low or intermediate amylose rice 602 varieties to satisfy this preference. It is well known that the GI of low-amylose rice is 603 significantly higher than the high-amylose rice (Miller et al., 1992) 
